| INTRODUCTION
The ability to predict the in vivo response of the human skin to a mechanical loading is crucial to various domains, either clinical (sutures techniques, follow-up of skin pathologies, or tissue bio-engineering) or related to body care research (air-bag design or efficiency testing of cosmetic products). For this purpose, surgeons, biologists, doctors, and engineers have been trying for a long time to evaluate the mechanical properties of this heterogeneous, viscoelastic, anisotropic, non-linear, and adhesive material.
Basically, the mechanical behavior of the skin can be tackled by two categories of tests; ie, perpendicularly to the skin surface (suction, 1 contact indentation, 2, 3 or contactless indentation 4 ) or in the plane of the skin surface (torsion 5 or extension 6 ). The extension test consists in moving two pads attached to the skin surface and in measuring the force induced by the pad displacements.
Many extensometers for the in vivo skin have been designed in association with a stand. The first of them 7 served as a basis for several more recent ones. [8] [9] [10] [11] [12] Both Evans and Boyer combined mechanical and optical measurements in their tensile devices. 13, 14 A three-pad extensometer was also designed with the aim to protect the measuring zone from peripheral forces. 15 In all those instruments hold by a stand, the parasitic forces due to interactions between the tested skin and the experimental device have to be kept sufficiently small to be neglected or measured to be taken into account during measurement analysis. This point is critical as movements due to either breathing or blood flow cannot be canceled.
To solve this problem, various hand-portable devices operating directly on a free skin were developed to be insensitive to small body movement disturbances. [16] [17] [18] Those extensometers are suited for application on almost any body zone compatible with the device size.
The rigid attachment of the extensometer pads to the skin is required by all the devices mentioned above. No fully satisfactory solution does exist, and liquid (cyanoacrylate) or double-sided adhesive tapes are the most commonly used means.
The skin response to any mechanical loading depends on diverse environmental and instrumental parameters that have to be monitored. Even in best measurement conditions, huge differences are observed in the human-skin mechanical-characteristics as reported in literature. The human skin is indeed not made of a standardized material with constant specifications. It corresponds rather to a generic material of which mechanical properties vary between individuals as well as between body zones. 12 This variability raises a methodological challenge as averaged values cannot be used to predict the skin response to a specific solicitation.
With the aim to shift toward a personalized medicine, the actual properties of the skin to be treated have to be measured and suitable instruments are required. This paper presents an ultra-light standalone device developed for that purpose and reports on its ability to characterize the mechanical response of the human skin in vivo to diverse mechanical tests. The extensometer design and control are described and its functioning is validated from reference measures. Its ability to assess the mechanical properties of the human skin in vivo are illustrated by typical results. Finally the device performances are analyzed and discussed.
| EXTENSOMETER DEVELOPMENT, CONTROL, AND VALIDATION

| Aim and design
The extensometer was designed to fulfill the following specifications:
• usable in most of the human sites in vivo,
• light enough to work as a standalone instrument,
• easy to use and consistent with standards and biomedical requirements,
• performing extension tests with either force or displacement control (loading and unloading),
• permitting large quasi-static displacements as well as low-frequency dynamic solicitations on the human skin in vivo,
• keeping the tested skin area visible to permit simultaneous image acquisition.
The whole experimental setup is shown in Figure 1 , whereas the details of the extensometer are shown in Figure 2 . The specifications of the device built are summarized in Table 1 . A speckle pattern is applied on the skin for the sake of accurate local-motion detection by means of digital image processing (cf. 2.3).
| Mechanical part
The device is made of a rectangular frame (100 × 40 × 6mm 3 ) at which are fixed an electric motor, two guiding pillars, and two sets of complementary pads: one static, one mobile (cf. 
| Imaging part
A vision system is associated to the extensometer to allow the measurement of the field of displacements on the solicited area during the mechanical test by means of digital image correlation (DIC). The camera is hold by a 6 df stand independent of the extensometer and allowing to focus on the tested skin area. Images are recorded at a 30 fps rate and post-processed using Matlab (The MathWorks Inc., Natick, MA, USA).
As the extensometer is fixed on the skin through its four pads of which two are moving, some slight displacements of the device on the skin occur during mechanical tests in addition to slight body movements. To avoid biases due to these disturbances, the field of observation of the vision system is chosen large enough to make the whole device visible. All images are registered within a single (X,Y) coordinate reference from the positions of the pads that provide also a size ref-
erence to convert pixels into actual sizes without further calibration.
A random pattern is applied onto the skin using a water-based paint with a brush as required by the DIC method used. 19 The digital method consists in comparing the current image to the initial one to retrieve the averaged displacement values of sub-images of 32×32 pixels. The software looks for the displacement value that minimizes the correlation function built from the products of the functions describing both the reference and current images. The method is applied to the whole sequence of images to provide the fields of displacements for the entire duration of the mechanical test. The displacements of the mobile pad are servo-controlled either in displacement or in force. The camera control block aims to the driving of an optional camera. It allows the recording of a set of images of the tested skin area synchronously with the motion applied to the pad.
| Electronic control
The images obtained are stored in a folder attached to the ongoing trial for further digital image processing.
Finally the trial documentation block allows the storage of the data relevant to the current experiment. Predefined fields are proposed for generic data (age, sex, weight, etc.), whereas additional fields can be created and filled according to the user needs. A trial report is automatically generated at the end of every trial thus making all data available for further consultation or analysis.
| Validation of the instrument
Specific experiments were carried out to validate the correct func- 
| Mode of operation
Some test preparation is necessary on both patient and operator sides and the full sequence of test operation takes place as indicated below:
[Colour figure can be viewed at wileyonlinelibrary.com]
• 20-minute acclimatization period to ensure constant environmental conditions.
• Speckle pattern realization.
• Test documentation on the software interface (subject identifier, age, sex, body zone, test orientation, etc.).
• Loading of the test command file, either already existing or just created.
• Sticking of the extensometer on the patient's skin (hardening in 20-30 seconds) and camera focusing adjustment.
• Launching of simultaneous test and image recording. Data are stored in a specific directory and summarized in an automatic test report.
• Extensometer removal and cleaning.
• Data available for DIC computations and result analysis.
| Typical results
A huge diversity of tests with either force or displacement control are allowed by the device. The recorded data are available for further analysis and material behavior modeling using either hyperelastic or viscoelastic models.
| Performance analysis
| Ability to report on the skin behavior
The simultaneous measurement of forces and displacements can be analyzed as stress-strain curves as the test can be considered as a uniaxial The use of the complementary imaging unit provides the field of displacements over the entire field of view as represented in Figure 5 . We observe that the deformed zone extends beyond the area between the measuring pads and even beyond the guarding pads. For a given X-position, the X-displacement parallel to the tensile axis is uniform over almost the whole transverse direction.
The deformation field ϵ xx is almost constant over the all area thus confirming that the X-displacement is linearly distributed along the tensile axis. The field of transverse Y-displacements shows a shrinking of the zone between the pads as expected. The field of deformations ϵ yy is also uniform and negative and the shear deformation field ϵ xy is close to zero over the whole area. These results fit the behavior of a homogeneous material under uniaxial traction test.
Beyond these results, the analysis of digital imaging data reports on a possible heterogeneity in the skin behavior. Tests with holding phases can be compared with cutometry tests commonly used by dermatologists. The continuous and simultaneous measurement of both force and displacement allows to gather data necessary to address the skin viscosity. Finally harmonic loadings provide a means for identifying the intrinsic parameters of the material independently of its environment thanks to the decoupling of elasticity and viscosity parameters.
As reported in literature, mechanical measurements on the human skin present a high degree of variability. Even on the same zone of the same subject, results may differ as a function of time or conditions. The skin response to the same loading is not the same at the first, second, or third cycle. Beyond the third cycle, we experimentally observed that a preconditioning is obtained and that the material response becomes reproducible.
| Efficiency of the guarding tabs
The measurement zone is located between the measurement pads and, thanks to the guarding pads, the surrounding area is solicited in the same way. Disturbances due to distant unsolicited skin affect thus mostly the zone located between the guarding pads and are thus minimized on the central, actual measurement zone. The protective effect of the guarding pads can be assessed by comparing This comparison shows that the transverse uniformity is lost or significantly reduced for four represented variables amongst five.
For Y-displacement, the transversal decrease of the displacement is smoother with the guarding tabs stuck. It should be noticed that the contour map of X-displacement is perpendicular to the tensile direction when the guarding pads are stuck ( Figure 5 ), whereas they are curved without the guarding pads ( Figure 6 ).This transverse uniformity is highlighted by Figure 7 presenting the X-displacement over the all area between the pads, whereas the zone between the measuring pads is marked by dotted lines. These figures confirm the efficiency of the guarding pads in minimizing the influence of the surrounding skin. Thanks to this protective effect, the extension test performed by the device can be considered as equivalent to a pure traction test with an excellent approximation.
At the level of the skin surface, the test produces a uniform longitudinal deformation on the skin located between the measuring pads. It is assumed that the traction test applies homogeneously over the whole skin thickness (≈1-2 mm). This hypothesis seems reasonable in regard to the distance between the pads and the deformation rates applied.
| Useful complementary measurements
The skin thickness is measured after the extension test by ultrasound (Dermacup ATYS Medical, Soucieu en Jarrest, France, 25 MHz probe). This allows the conversion of force data into stress data as applied to a tensile test-piece of width equal to the measuring pads one and with a thickness equal to the measured one.
The mechanical skin response to an extension test is also known to be sensitive to the degree of stratum corneum humidity. This parameter is kept relatively constant by respecting the biometrology tests requirements, especially the resting time in a room with controlled temperature and hygrometry.
| First in vivo results
The device was applied to diverse series of tests in controlled con- 
| DISCUSSION AND CONCLUSION
A device performing uniaxial tensile tests with effort or displacement control has been presented in this paper. A displacement speed up 
